Previous experiments had shown that certain complex ions, which are co-ordinately saturated metal chelates lacking specific groups or centres, were toxic for mice and inhibited acetylcholinesterase. As these ions are extremely stable, undergoing no change in living organisms, it would be expected that any such effect would be physical and not chemical in nature.
INTRODUCTION
Experiments on the biological activity of co-ordination complexes showed ) that certain inorganic complexes were toxic to mice, and caused death by respiratory failure. The charged complexes inhibited acetylcholinesterase, whereas neutral complexes were inactive. The (+) and (-) forms of asymmetric complexes showed· a different degree of inhibitory activity, and, in one group of complexes, different toxicities. In this paper the mechanism and the charge dependence of enzyme inhibition, and the relationship between toxic effects and anticholinesterase properties of different series of inorganic metal complexes, are examined.
II. GENERAL PROPERTIES OF COMPLEXES
The co-ordination compounds used in this work belong mainly to three series: the tris-I, IO-phenanthroline, tris-2,2'-bipyridine, and bis-2,2',2"-terpyridine complexes with the metals Zn, Fe, Ni, Ru, and Os. The perchlorates of these cations were used. The salts themselves are completely dissociated in aqueous solutions, but the stability constants of the complex cations are high. They are co-ordinately saturated, and of great chemical stability. It can be assumed that they do not undergo any chemical change in biological systems. This has been demonstrated with Ru(phenJa ++ ion, and details will be published elsewhere.
As none of these ions contain any specific groups or centres, their common biological activity must depend on physico-chemical properties. It has been postulated (Pauling 1948 ) that the charge of such complex ions is not centred in the metallic atoms but is distributed over the complex. The distribution of this charge is determined by the electronegativity of the central metallic atom and of the ligands. The fields around the complex ion depend on the charge distribution and on the size of the ion. With the exception of the terpyridine series (and some Co complexes listed in Table 4 ), the cations investigated exist in enantiomeric forms. These ions are not only sterically but also electrically asymmetric, i.e. the field around an optically active complex ion, due to the fractional distribution of charges, is not superimposable on its mirror image (Dwyer, Gyarfas, and O'Dwyer 1950) .
III. MATERIALS AND METHODS

(a) Substrate
Acetylcholine chloride (Ach) (B.D.H.) was used in 0'006M final concentration unless stated otherwise.
(b) Enzyme
Sheep and bovine erythrocyte acetylcholinesterase preparations were used. The former was prepared and purified by the method of Mendel and Rudney (1943) . The latter was a commercial preparation (Winthrop and Stern Ltd.).
(c) Inhibitors
The complexes used are listed in Table 1 . All samples were recrystallized.
(d) Enzyme Activity
The activity of acetylcholinesterase (AchE) was measured by the Warburg manometric method at 37°C, pH 7-4. Enzyme, substrate, and inhibitors were dissolved in 0'025M NaHC0 3 . Solutions and Warburg vessels were gassed with a mixture containing 5 per cent. CO 2 in N 2 . The inhibitors were incubated with the enzyme for 15 min at room temperature and for 20 min at 37°C before adding the substrate. As the rate of enzyme activity stayed always constant for the first !-hr of the measurement, it is expressed in terms of b 30 ((11 CO 2 evolved per 30 min).
(e) Toxicity Estimations
To.xicities were assessed with male albino mice from an inbred strain. Groups of eight mice were injected intraperitoneally at seven different dose rates. Solutions of complexes were made in physiological saline. The volume injected was, at each dose rate, 1·0 ml per 30·0 g of body weight. The LD50 values were estimated by the use of pro bit analysis.
IV. EXPERIMENTAL (a) Reversibility of Inhibition
When so-called irreversible inhibitors of AchE. like diisopropyl fluorophosphate and tetraethyl pyrophosphate are incubated with the enzyme before the addition of the substrate, the degree of inhibition increases with increasing incubation periods. This is taken as an indication of progressive irreversible inhibition (Augustinsson and Nachmansohn 1949) . With complex cations the degree of inhibition depends only on the relative amounts of substrate and inhibitor present, and not on the incubation period. To investigate the nature of the inhibition the following experiment was carried out.
Enzyme solution (3 ml) was incubated with 4 X 1O-4M (±)-Ru(phenJa (CI0 4 )2 for 3 hr at room temperature. This mixture was subsequently dialysed at O°C for 16 hr against four changes of 100 ml of a solution containing 0·I53M NaCl and 0·04M MgC1 2 in 0·025M NaHC0 3 . Two contr<!ls were set up and treated in the same way. In one control the enzyme incubated with Ru(phen)3 ++ was dialysed against a 4 X IO-4M solution of the same complex in the salt solution. The other consisted of an enzyme solution only, dialysed against the salt solution. After dialysing, 0·25 ml samples of the enzyme' solution were taken, buffer and substrate were added to make a. final volume of 0·8 ml, and the activity of the enzyme was compared with non-dialysed controls. It can be seen from Table 2 that the inhibition was completely reversed. 
(b) Competition Experiments
The usual method of testing for competitive inhibition (Lineweaver and Burk 1934) involves the testing of enzyme activity in the presence of inhibitor at different substrate levels. This method did not seem satisfactory for AchE under present conditions, as the accurate determination of enzyme activity was not possible at other than near to optimal substrate levels. Therefore Augustinsson's (1948) graphical method was used, which involves the estimation of enzyme activity at various inhibitor levels and constant enzyme and substrate concentrations. In accordance with equation (1) in the case of competitive inhibition a straight line with an extrapolated intercept at "1" is obtained when the ratios of the velocities of uninhibited to inhibited enzyme activities are plotted against the inhibitor concentrations [1]:
where V represents the rate in the absence and V [ in the presence of the inhibitor, K [ the enzyme-inhibitor dissociation constant, and [S] the substrate concentration.
For the commercial bovine erythrocyte cholinesterase preparation, the value of Km was found to be 8·7 X 10-4 , and K 2 , the dissociation constant for the inactive enzyme-substrate super complex, ES 2 , 2·46 X 10-2 •
The inhibitory action of each of the complexes listed in Table 4 was estimated at least at six concentrations of the inhibitor and at O·006M final concentration of Ach. The Ru and Os complexes of each group were also tested at O'003M and O'OOlM final Ach concentrations. The data obtained from representative experiments with six of the complexes are shown in Table 3 . The plots of Figure 1 are obtained from two replicate experiments. The resulting graph illustrates the competitive nature of the inhibition.
(c) Charge Dependence of Inhibition
As only charged complexes showed anticholinesterase activities , it was desirable to determine how these activities varied with the charge of the complexes. One possible approach is to compare the inhibitory strength of complexes which carry different amounts of total charge. Table 4 shows the inhibition obtained with such a series of complexes. Appreciable inhibition was found only with the Co(NH a )4(N0 2 )2+ ion. 
Zn ( phenanthroline ring. Group B contains the three series of metal complexes mentioned in the Introduction. The chelating agents within each of these three series were un-altered. The differences in charge distribution were caused only by the differences in electronegativity of the various central metallic atoms.
The K[ values in Table 5 were calculated from equation (1). 
------------------------
Zn 7·07 X 10-' Zn 14·80 X 10-6 Fe 8·80 X 10-6 Ni 4·07 X 10-' Ni 9·70 X 10-6 Ru 3·80x 10-' Ru 3·03 X 10-" Os 2·86x 10-' Os 2·23 X 10-6 * The phenanthroline and bipyridine complexes used were racemates.
(d) Toxicity Estimations
The signs observed after the intraperitoneal injection of the complexes were, as described earlier, hind-limb paralysis, respiratory distress, and death caused by respiratory failure . Physostigmine could inhibit the development of these signs (unpublished data). These facts, and the results of experiments* ~m frog-sartorius and rat-diaphragm preparations, suggest a curare-like activity of the complex ions. It was therefore considered of interest to compare the in vitro AchE inhibitory action and the toxic effects of these compounds. LD50 values after intraperitoneal administration were determined for the series of phenanthroline, bipyridine, and terpyridine complexes. The results of these experiments are summarized in Table 6. V. DISCUSSION 
(a) Combination of the Inhibitors with the Enzyme Surface
Both earlier experiments and those described here show that the inhibition of the enzymatic hydrolysis of acetylcholine by the complex ions is reversible and competitive. As these complexes do not contain any active groups which could * Experi:nents carried out by A. Shulman. Unpublished paper, read at the 30th meeting of A.N.Z. A.A.S., Canberra, 1954. block the specific centres of the enzyme, the question of their combination with AchE arises. The consideration of the picture of the active surface' of this enzyme offers a possible explanation.
According to the work of various authors (Wilson and Bergmann 1950; Wilson 1952; Bergmann and Shimoni 1953 ) the active surface of this enzyme protein has two distinct sites in close proximity. Centre 1 or the "anionic site" carries a single negative charge, and binds and orientates cationic substances by electrostatic attraction. Centre 2 or the "esteratic site" contains a basic and an acidic group. The former contributes to the binding of the substrate, possibly by forming a covalent bond with the acyl carbon atom of acetates. The acidic group plays a role in the actual hydrolysis of the substrate. It has been found by the above authors that ammonium salts are competitive inhibitors of AchE. They inhibit by interaction with the anionic site of the enzyme. These facts, and the observation that only ionic complexes have an inhibitory action, lead us to the supposition that the inorganic complexes interfere with the hydrolysis of the substrate at the anionic site of the enzyme.
(b) Charge Dependence of Inhibition
Binding at the anionic site is effected by coulombic or van der Waals forces or both. Although van der Waals forces may play an important role in the binding of the complexes, the fact that only ionic complexes are inhibitors points to the primary importance of coulombic attraction.
The ideal tool to investigate the charge dependence of the inhibition would be a series of compounds whose members differ only with regard to their charge. The consecutive members of the Co-complex series (Table 4) differ from each other by one whole charge unit, but they also vary considerably with regard to their sizes, solubilities, and stabilities, features which might well influence their ability to combine with the enzyme protein. Therefore, the effect of charge on the inhibitory power of these complexes cannot be simply assessed.
The series of substituted phenanthroline complexes (group A, Table 5 ) are a closer approximation to the abovementioned ideal. The introduction of an electrophilic group, such as a nitro or chloro group, decreases the positive charge on the surface of the ion, while the electron-repelling methyl group increases it. The inhibitory power of these series increases in the order:
Me(5-nitro-phen)a ++ < Me(5-chloro-phen)a ++ < Me(5-methyl-phen)3 ++. This seems to indicate that the greater the peripheral charge on the cation the stronger its inhibitory activity.
These ions do not differ very much in their sizes, but the size difference between them and the unsubstituted Me(phenla++ ion is quite large. With the increase in size, additional binding by van der Waals forces might cause an appreciable increase in inhibition. Such a consideration might explain the unexpectedly stronger inhibitory power of the Me(5-methyl-phen)3++ ion compared with the Me(phen)3++ ion (see Table 5 ).
The order of the inhibitory power of the complex ions mentioned in the introduction (see also group B, Table 5 ) seems also to emphasize the importance of the magnitude of the peripheral charge in enzyme inhibition. The members within each of these three series differ from each other only by their different central metallic atoms. The variation in size of these complexes is negligible, as it is caused only by the different ionic radii of the metals. The different electronegativities of the central metallic atoms cause the differences in charge distribution within the ions of each series; the increase in electronegativity increases the positive peripheral charge of the complex. The electronegativity increases in the order Zn < Fe < Ni < Ru < Os.
With the exception of the Fe(phen)3 ++ and Fe(bipY)3 ++ ions, the increase of the inhibitory power of the investigated complexes follows the same order in all the three series.
The K I values for the inhibition of AchE show that the phenanthroline complexes are approximately 10 times as active as the bipyridine and terpyridine complexes. The close agreement between the values obtained for the last two series reflects their very similar structure.
When comparing the inhibitory strength of these complexes the following has to be considered:
As already mentioned, the Me(phen)a ++ and Me(biPY)a ++ ions exist in enantiomeric forms. The (+) and (-) forms of these complexes exhibit pronounced differences in their degree of inhibitory activity. The optically active forms of Zn, Ni, and Fe complexes racemize rapidly, whereas those of the Ru and Os complexes are stable. When a racemate solution of the optically stable complexes is incubated with the enzyme, one of the optically active forms is adsorbed preferentially (i.e. it is a stronger inhibitor). Thus the original equilibrium between the unbound (+) and ( -) forms is disturbed, the weakly adsorbed form remaining in excess: The total number of ions of each of the optically active forms in the whole system (protein+ complex solution) stays equal. In the Zn, Fe, and Ni complexes, racemization tends to restore the original equilibrium of the unbound forms, while those bound onto the protein do not racemize. Therefore, at the end of the binding process the whole system contains more of the stronger inhibitory form than of the weaker. Consequently the K I values for the racemates of the optically unstable Zn, Fe, and Ni complexes reflect in reality the inhibitory power of an unequal mixture of the optically active forms, in which the stronger inhibitory component is predominant.
(c) The Toxic Action oJOomplexe8
Listed in Table 6 are the LD50 values, which show that the toxicities of the members of the Me(terpY)2++ series paralleled their enzyme inhibitory power; but the degree of toxicities and anticholinesterase activities of the Me(phen)3 ++ and Me(bipY)3 ++ ions do not follow the same order. The terpyridine complexes are much more toxic than the corresponding members of the structurally related bipyridine or of the phenanthroline series. However, as the toxicity of a compound depends clearly not only on its specific action, but also on the concentration it is able to reach at its "receptor" site, the possibility of a similar mode of their action in vivo and in vitro is not excluded.
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